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I. THE PROBLEM:

It has been taken as a climatological given for many decades that Western Europe
and the high latitude North Atlantic benefit greatly from an anomalously large heat transport
from lower latitudes - the mean temperatures of western Europe are 4- 5°C warmer than the

same latitudes on the eastern side of the North Pacific Ocean, for example. This ocean heat
transport has been described qualitatively as due to the presence of the 'Gulf Stream'; it is now
known that the circulation responsible for the heat transport is more complex involving circula-
tion in the meridional plane - the ocean thermohaline circulation.

Based on paleoclimate data from high latitudes from land, ocean and ice sheet, it is now evident
that over several tens of thousands of years and up to the beginning of the Holocene, some 9000
years ago, Western Europe and the North Maritime Atlantic experienced large fluctuations of
temperature on a time scale of 1-3 thousands of years which were superimposed on the slower

changes associated with the growth and demise of the great Northern Hemisphere ice sheets of
the last ice age. These fluctuations while not totally absent from paleoclimatic records from

other parts of the world appear to have had largest amplitude in this region. Paleoceanographic
data indicate large changes in the thermohaline circulation (correlated with the temperature
changes), also occurred during this time, suggesting that the temperature fluctuations may have
been the consequence of changes in the heat transport by the thermohaline circulation. The pale-
oclimate records from the Greenland ice sheet show not only termination of these large fluctua-
tions with the beginning of the Holocene, but, in stark contrast, a remarkably stable record since.
This research is concerned with identifying possible mechanisms responsible for large fluctua-

tions in the climate of the North Atlantic environs observed in the past and for those possibly
occurring in the future as a consequence of increased polar temperatures, themselves a result of a
green-house induced warming. The focus is on the role of the hydrological cycle on the stability
of the system.

The hydrological cycle is one of the most complicated and perhaps least understood parts of the
climate system. Water is evaporated from the subtropical oceans and transported to higher lati-
tudes where it is cooled and precipitated either as rain or snow; the precipitation may be
deposited either on land, ocean or ice sheet. The water is eventually returned to its source in the
ocean; this may occur within hours of the time of its evaporation or, if it falls on a polar ice cap,
possibly not for thousands of years.

The process of evaporation, atmospheric transport, condensation, fallout and return to the ocean
involves several critical climatological processes. In middle latitudes latent heat transport con-
tributes the largest fraction of total latitudinal energy transport by atmospheric processes.

Water vapor, with its ability to absorb terrestrial radiation, acts as a thermal blanket over the
earth's surface - the 'greenhouse effect'. This role is central to the question of global warming
brought about by increasing atmospheric concentration of CO2. An increase in COz, also a
greenhouse gas, produces a warming which allows the atmosphere to hold more water vapor;
increased water vapor content results in augmented radiative absorption and warming, and in
turn, higher water vapor content - a positive feedback. Changing CO2 concentration acts as a
trigger for the water vapor-radiative-temperature feedback and the latter produces the major con-
tribution to global warming.

A third important role of the hydrological cycle that has recently been recognized and is receiv-
ing considerable attention is its apparent control over the strength of the thermohaline circula-
tion. Driven by latitudinal differential heating of the ocean surface, cold dense surface water in
high latitudes sinks into the deep ocean and upwells in low latitudes where it mixes with down-
ward diffusing warm water. However, net evaporation at the subtropical ocean surface effects an
increase in salinity and hence density, whereas net precipitation and runoff in high latitudes



decreasessurfaceoceandensity. That is, the latitudinalgradientof surfacefreshwater flux (out
of the subtropicaloceanand into the high latitudeocean)tendsto suppresssinking in high lati-
tudesand upwelling in the subtropicstherebycreatinga brakeon the thermohalinecirculation
drivenby latitudinaldifferential heating.

The cryosphereitself representsa latent dynamic componentof the hydrological cycle. A
changein high latitudetemperaturecanalterthemeltor growth ratesof polar ice andhencealter
thefreshwater flux to or from the ocean.This in turn, dependingon thefreshwaterpath,may
alter the rate of productionof deepwaterand/orthe latitudinal heatand salt transportby the
ocean;bothpositiveandnegativefeedbacksarepossible.

A final important manifestationof thehydrologicalcycle: The circulation in theatmosphereis
suchthat there is a continualnet lossof water vaporfrom the Atlantic Oceanand its drainage
basinand a net gain of water vapor over the Pacific. As a consequencethemeansalinity and
densityof the Atlantic is higherthanthatof thePacific. This inter-oceandensitygradientappar-
entlygives rise to the 'global conveyorbelt'. The 'normal' thermohalinecirculation,character-
izedby sinking in high latitudes,upwellingin low latitudesis modified. A considerablefraction
of North Atlantic DeepWater(NADW) flowsacrosstheequatorinto theSouthAtlantic, instead
of upwelling in theNorth Atlantic. This deepwaterenterstheSouthernOceanandthenthedeep
Pacific; this flow is, of course,significantlymodifiedby mixing andby upwelling alongtheway.
The retum flow appearsto be in the upperpartof the thermoclineback to the North Atlantic.
The dramaticconsequenceof this alteredpathof thermohalinecirculation is that in the South
Atlantic, heattransportis directedtowardtheequatorratherthanpoleward. Thecrossequatorial
transportaugmentsthat associatedwith the 'normal' circulationin the North Atlantic. It is this
augmentedtransportthat resultsin theanomalouslywarmclimateof WesternEurope.

The objectiveof the project hasbeento determinedominantfeedbacksinvolving ocean,atmo-
sphereandcryospherelinked by thehydrologicalcycle which may exert significantcontrol on
latitudinalheattransportin thehigh latitudeNorth Atlantic. This involvesnot only theclimate
stability of the late Pleistocene,but also that of the modernclimate asperturbedby augmented
atmosphericCO2concentration.

A detailedstudy of the hydrologicalcycle in theatmosphereand its linking with the thermoha-
line circulation of the North Atlantic Oceanis ultimately required. Suchan investigationlogi-
cally should involve the use of GeneralCirculation Models (GCM) of the coupled ocean-
atmospheresystem(OAGCM's). Simulationof the hydrological cycle generallyhasbeenthe
leastsuccessfulcomponentof atmosphericGCM's (AGCM'S). Watervaporis perhapsthemost
difficult climate variableto simulatedue,in part,to thepaucityof observationsover thesurface
of the earth,particularly over theoceans,anddue alsoto the extremevariability of water vapor
in spaceandtime. Parameterizationof cloudsin theAGCM is alsoamajorproblemasdiscussed
below. Compoundingthe problemfor the OAGCM is the apparentextremesensitivity of the
oceancirculation to surfacefreshwater fluxes, i.e., the sum of runoff and precipitationminus
evaporation.Theseproblems,further augmentedby the high cost of model simulations,have
limited severelytheir useto studythestability of theclimate system. For recentdiscussionof
the problemsof coupling the atmosphereand oceanheatand fresh water fluxes and of flux-
adjustmentprocedures,seeWeaverandHughes(1996)andMarotzke(1995).

Severalcompromiseshavebeenattemptedin orderto circumventtheseproblems.OGCM'ssub-
ject to prescribedforcing of heatandfreshwaterat the oceansurfacehavebeenusedby them-
selvesto examinethe stability of theocean. A varietyof boundaryconditionshavebeentried,
manybasedon thethermalboundaryconditionsproposedby Harley(1971). A fundamentaldif-
ferencebetweentheheatandfreshwaterforcing is thataperturbationin thesurfacetemperature
is normally relaxedby augmentedheatexchangewith theatmosphere,but a surfacesalinity per-
turbation has virtually no direct connectionto fresh water exchangewith the atmosphere.
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Rahmstorfand Willebrandt(1995)havecoupleda linearizedatmosphericEBM to theoceanfor
improving the heatexchangewith the atmosphere.Their approachresemblesthat first usedby
Birchfield (1989) for couplinganEBM to anoceanboxmodel in which oceansurfaceheatand
freshwater fluxesaredeterminedby a linearizedEBM with a rudimentaryhydrologicalcycle.
TheRahmstorfmodel,however,usestheEBM only to determinesurfaceheatfluxes;freshwater
fluxesareexternallyspecified.

Onedirectionof this project wasconcernedwith theconverseof theaboveapproaches,that is,
the useof a simplified oceanbox model asa lower boundarycondition for an AGCM. (See
below.) A seconddirectionof researchheremakesuseof simplifiedatmosphereandoceancom-
ponents,which allows for a full coupling betweenthe two. Although both componentsare
greatlysimplified, comparedwith anAGCM or OGCM, (most obviouslyin the lossof spatial
resolution)therewasconsiderablepreliminaryevidenceof internalvariability betweenthe two
componentsin thesimplified versions.Seethelist of publicationsbelow.
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II. RESEARCHCARRIED OUT AND THE RESULTS

1. GISSProject.

HuaxiaoWang,while a graduatestudentat NU worked,in collaborationwith thestaff at GISS,
on usingtheheatandfreshwaterfluxescalculatedfrom theGISSAGCM asforcing for ourbox
oceancomponentmodel. This was to be the first step in a full asynchronouscoupling of the
AGCM to theoceanbox model. The purposewas to usethe oceanbox modelasan improved
mechanismfor obtaining oceanheat fluxesas a lower boundarycondition for the AGCM. A
numberof experimentswere completedboth for the modemclimate andfor the simulatedcli-
matewith doubledCO2. Oneconsistentfeatureof thedoubledCO2simulationswasthereduc-
tion in productionof NADW in theNorthAtlantic; thiswasasa consequenceof a strongerlati-
tudinal transport of water. Manabeand Stouffer (1994) have shown that in a fully coupled
OAGCM experiment,increasingatmosphericCO2level indeedreducedthestrengthof thether-
mohalinecirculationby augmentedfreshwaterflux into thepolar sourceregionsfrom anintensi-
fiedhydrological cycle. The effectswould havebeenmorepronouncedif the melt water from
meltingpolar icecapshadbeenincluded.

Thedevelopmentof coupling of theGISSAGCM to theoceanboxmodelwasinterruptedwhen
H. Wangtook a post-doctoralpositionat theU. of SouthCarolina. It simply wasnot possible
for him to continuetherewith this project. In addition,I hadreceived,onshortnotice,an invita-
tion to bea visiting professorfor ayearat LaboratoireMeteorologieDynamique(LMD) in Paris.
Although theseeventsmadeit impracticalto continuethecouplingto the AGCM we wereable
to continuewith the fundamentalprojectof identifying possiblefeedbackscontrollingthestabil-
ity of theoceanheattransportin theN. Atlantic.

2. Multi-componentModel Development

Our objectivewas to simulateusingsimplified multi-componentmodels,feedbacksbetweenthe
hydrologicalcycle, the thermohalinecirculation andthe polar ice capsfor Pleistocene,modem
and global-warmingscenarios.Althoughour initial multi-componentmodeldevelopmentwas
successfulin many respects(seethe paperslisted below), it becameevidentat aboutthetime I
went to Paris,andH. Wangleft for U. SouthCarolina,that certainadditionsor improvements
werehighly desirable.

a. It wasdeemednecessaryto improvethe parameterizationof theadvection-diffusionmecha-
nismappropriatefor oceanboxmodelsimulations.

b. Theelementsof oceancarbonatechemistrywereneeded,againona level of complexitycon-
sistentwith that of the oceanbox model,in order to simulatethe full cycle of the feedbacks
betweenthecarbonchemistryof theoceanandatmosphericpCO2.

c. In AGCM's changingatmosphericpCO 2 is calculated directly through its effect on terrestri',d
radiation. In a conventional atmospheric energy balance model this is not possible without mak-
ing a host of questionable assumptions. A new direct way of incorporating the atmospheric
radiative effects of pCOz changes was needed.

d. The slow insolation forcing background for the rapid climate variability associated with the
demise of the great ice sheets comes from changing precession and obliquity. The precessional
effects are thought to be of particular importance in the deglaciation process. In order to ade-
quately simulate the effects of precession, it is necessary to simulate the seasonal cycle. For ade-
quate simulation of ocean-atmosphere fluxes with a seasonal cycle, a surface ocean mixed layer
is required. More difficult, but nevertheless needed with the seasonal cycle is a thermodynamic
model of sea ice of maximum simplicity.
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e. Although not of essentialimportanceon thedeglaciationtime scale,it wasapparentthat an
improvedlithosphere-asthenospheremodelwasneededfor interactionwith the ice sheetcompo-
nentof themodel. A new massbalanceequationat thesurfaceof the icesheetandarevisedice
sheetmodelwhich is quasi-threedimensionalwasfelt to behighly desirable.

Thework implied in theaboveis describedbelowin somewhatmoredetail.

a. Advection-diffusionalgorithms: Theestimationof advectionandeddy diffusion
of heatand salt is a fundamentalproblem in formulatinga coarseresolutionoceanbox model.
This difficulty is an importantlimitation on the usefulnessof oceanbox models. Therearetwo
contrastingnumericalmethods: the 'upstream'advectionandthe 'centered'advectionschemes.
Both haveseverelimitations. The former,which requiresthe assumptionthat eachbox is well
mixed,hasan inherentvery largeandpurelynumericaldiffusionbuilt into it; it is so largethatit
may well maskessentialmodel response.The 'centered' approachcan undercertaincircum-
stancesgive rise to unrealisticlocal interior extrema. In our original oceanmodel,the latterhas
beenused. Most oceanbox modelstudieshaveusedthe 'upstream'method. Most numerical
finite differencemodelshaveusedthe 'centered'method. I havenow generalizedthenumerical
algorithmsusedby Wright (1992)andWright andStocker,(1991). Theseapproachesarebased
on earlier work by Fiadeiro (1975)and involve integrationof the advectiontermsacrossthe
interfacebetweeneachpair of adjacentoceanboxes. I have extendedthe previouswork by
includingexplicitly the time variability of the fluxes. Thenew method,in effect, is a combina-
tion of the two limiting methods;theweighting of the two dependson the relative strengthof
advectionto diffusion at eachinterface. The algorithmsaremorecomplexbut takelittle more
computingtime thanthelimit schemes.

b. Oceancarbonchemistry: With theaid of Prof. David Hollanderwehaveincor-
poratedthe elementsof carbonchemistryinto theoceanbox modelandintroducednew depen-
dentvariablesfor eachoceanbox: totaldissolvedcarbon(TDC) andalkalinity (ALK); thestruc-
ture for including phosphateandoxygenconcentrationhasbeenincludedbut hasnot beenused
yet. With the inclusion of the rudimentsof thebiological pump,anadditionalparameteris the
bioproductivity in eachsurfacebox. In additionto control by the chemicalequilibrium equa-
tions, the TDC and ALK areadvectedand transportedby eddiesbetweenoceanboxesin the
samemannerasheatandsalt. Sincetheocean,exceptfor themixed layers,is runwithout asea-
sonalcycle, there is no seasonalcycle of pCO2in the atmosphereor the mixed layers; it is
assumedthat atmosphericpCO2is spatiallyuniform, therateof accumulationbeingsimply the
net flux from thesurfaceoceanboxesinto theatmosphere.

c. pCOz changesand long wave radiation: With the aid of Drs. LaurentLi and
Herve LeTreutat LMD, Paris,we haveutilized the radiation codefrom the LMD AGCM to
developanexplicit treatmentfor bothshortandlong wave radiationappropriatefor our simple
atmosphericenergybalancemodel. TheEBM hasonly onelayer,that is, thetemperatureprofile
is completelydeterminedby thesurfaceair temperatureandlapserate. Thesurfaceair pressure
is knownandarelativehumidity profile is assumed.Thefluxesof long andshortwaveradiation
at thetop of the atmosphereand at the surfaceof the earthare required. For eachof thesewe
simply fit amulti-dimensionalpolynomialto the 'true' radiationflux ascalculatedby theAGCM
radiationcode. The latter is very complexandtime consuming;the polynomial is simpleand
computationallyfast. It is, however,limited by therangeof eachof the independentvariables
which mustbespecifiedin orderto carry out the leastsquaresfitting procedure.Maximum and
averageerrorsof eachradiative flux are found to be well within reasonfor a simple one layer
model. The radiative flux polynomial is not only a function of atmospheric pCOz but also of
other important variables, including surface temperature, surface air temperature, lapse rate, sur-
face albedo, surface relative humidity, surface pressure, and, importantly, parameters describing
clouds: cloud fraction; emissivity and optical thickness.
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For simplicity only the pCO2andthesurfacevariablesneedbeconsideredasvariables,theoth-
ersbeingspecifiedclimatologically. Thesevariablesoffer, however,rich opportunitiesfor sensi-
tivity studies.The role of thecloudparameterization,in particular,is discussedbelow.

d. Atmosphericseasonalcycle: The seasonalcycle is simulatedonly for theatmo-
sphereandfor themixed layer boxesof theocean.Theatmospherenow consistsof four zonally
averagedboxes:N polar, N tropical-subtropical,S tropical-subtropicaland S polar. Underlying
theatmosphereandon topof eachoceanbox, lies anoceanmixedlayerbox. The seasonalcycle
of seaice is importantin two respects;first it hasa major effecton thesurfacealbedo;secondly
it hasadirect control on theexchangeof sensibleheatandwatervaporwith theatmosphere.

e. Ice sheet-bedrockmodels: With theaid of a studentandDr. YannickRicard in
Paris,a new earthresponsemodelhasbeenincorporatedinto the climatemodel. As a first step
thismodelstill computesdeformationof theearth'ssurfaceonly for a zonalor 2 dimensionalice
sheetloading. The conversionto a 'quasi- threedimensional'deformationearthmodel is not a
big stepbeyondthepresentnew model. Thenewmodelhasa greatdealof flexibility in thatthe
viscosxtyprofile of the asthenospherecanbe prescribedin asmuchcomplexity asdesired.The
presentversionhasbeenchosento havean80km deepelasticlithosphereoverlying a uniform
viscosityasthenosphere.Togetherwith the quasi-3Dearthmodel, a schemehasat leastbeen
sketchedfor modifying the icesheetmodelcodeto bequasi-threedimensional.Theschemefor
both the earthandice sheetmodelsachieves'threedimensionality' by assuminga meridianof
symmetryfor both ice sheetandearthmodels. This schemerequiresa new algorithmfor mass
balanceat the surfaceof the ice sheetwhich hasonly beensketchedoutat this point. The basic
numericalmethodsusedto extrapolatethe icesheetthicknesshavealsobeencompletelyrevised.

3. CurrentStatusof theModel

It hastakenmore than two yearsto incorporatethechangesdescribedabove. We arepresently
testingthecomponentsandmakingpreliminarysimulationswith thecompletelycoupledmodel.
A brief summarydescriptionof themodelfollows.

a. Atmosphere:

TheEBM is madeup of four latitudinallyarrangedboxesconservingenergy,air massandwater.
In eachbox the atmosphereis a single layer with constantlapserate up to 200 mb, isothermal
above. For determinationof radiative fluxes, there is an assumedvertical profile of relative
humidity,two layersof prescribedclouds,togetherwith surfaceair temperature,surfaceair pres-
sure(determinedby themeanelevationof land,includingtheicesheetif present),surfacealbedo
andatmosphericCO2concentration.In eachbox thereis a balanceof verticalfluxesof long and
short wave radiation at the top and bottom of the atmosphere,latent and sensibleheat flux
exchangeat the surfaceaveragedoverthesurfaceof thebox, eddyheatexchangewith theadja-
cent latitudinal boxesanda storageterm. Watermassconservationis a balanceof evaporation
from the surface,precipitation and a temperaturedependentstorageterm and eddy exchange
with adjacentboxes. Precipitationis determinedas the residual of the other water sources,
includinghorizontalexchangewith adjacentboxes.Latitudinal transportof water vaporis pro-
portionalto evaporationandto thelatitudinaltemperaturegradient.

b. Ocean:

The oceanmodelconsistsof theNorth (including theArctic), SouthAtlantic, the Southern,the
North and SouthIndian, and the North and SouthPacificOceans. It is madeup of 9 surface
mixedlayer boxes(MLB) and9 upperanddeepoceanboxes.Heat,saltandwatermassarecon-
servedin eachbox. The MLB comprisetheupperpart of the upperoceanboxes. Heat, fresh
water,andCOzareexchangedwith theatmosphereandtheMLB. Togetherwith theatmosphere,
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theMLB andthe parameterizedseaice extentareextrapolatedover the seasonalcycle. Energy
andsalt (freshwater)balancefor theupperanddeepoceanboxesis madeup of a storageterm,
the net horizontal and vertical advective-diffusivefluxes and exchangewith the atmosphere.
Advective-diffusivefluxes betweenthe MLB andupperoceanboxesare interpolatedfrom the
fluxesat thelargebox interfaces.

c. CarbonChemistry:

Carbonateequilibrium equationsare formulatedfor extrapolatingon the meanannualscalethe
TDC and ALK in each box (see below.) Rudiments of the biological pump are incorporated;
rates of bioproductivity are specified input parameters in the current version. TDC and ALK are
advected-diffused between boxes in the same manner as heat and salt. In the MLB CO2 is
exchanged with the atmosphere by a temperature dependent flux equation.

d. Ice Sheet - Bedrock:

The present version has a zonally averaged ice sheet with elevation dependent on latitude and
time; dynamics is governed by a power law rheology. Mass balance at the surface is controlled
by the assumed lapse rate in the atmosphere and mean surface air temperature of the high latitude
box. Positive mass balance removes water vapor from the high latitude atmospheric box; nega-
tive mass balance puts melt water into either the high latitude or low latitude surface North
Atlantic box. The bedrock deformation under ice loading is calculated with a perfectly elastic
lithosphere and the asthenosphere presently consists of a single layer of uniform viscosity; a liq-
uid core is assumed.

e. Extrapolation procedure:

The atmosphere-ML are extrapolated on the seasonal time scale. After a block of years extrapo-
lation of this model, the ocean box model is extrapolated one step over the same block of years,
after which another block of atmosphere-ML extrapolation is made: After a block of years of
ocean extrapolations, one extrapolation is made of the ice sheet bedrock model over this same
period, using the mass fluxes calculated from the atmosphere and ocean extrapolations. In other
words, the model is synchronous in time. For very long extrapolations this procedure can be
relaxed if need be.

4. Preliminary Results

Experiments indicate that the spurious numerical diffusion in the ocean box model component is
now significantly reduced compared with that in 'upstream' algorithms; no evidence of unrealis-
tic interior extrema has been found with the new advection-diffusion algorithm.

Simulations have been made with the atmosphere-mixed layer model without coupling to the
deep ocean and ice sheet components. In particular, sensitivity to doubling of atmospheric pCO2
has been tested. Results have been informative in several respects. First, with no sea ice in the
model, global warming is found to be approximately I°C, about 1/4 of what is typically found in
AGCM's. This is true for both the case of no clouds and for fixed nonzero cloud amounts. With

the inclusion of a preliminary parameterization of sea ice and its effect on the surface albedo,
global mean temperature increases 1.8°C, about 1/2 of the AGCM value.

Why is the model yielding substantially lower sensitivity compared to the AGCM? More con-
ventional EBM's have much more highly parameterized radiation physics than the model here
and can be tuned to yield almost any reasonable value of model sensitivity. This is not easily
done in our model. The answer to the question most likely lies in ascertaining what feedbacks
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areimportantfor amplificationof the CO 2 induced warming. Two of these are: the water vapor-
radiation temperature feedback and albedo-temperature-radiation feedback. The first is fully
incorporated in the model. At this point the model surface albedo is variable over the oceans,
i.e., through sea ice variablity, but not over land. It has been thought that the sea ice was more

important than the land to model sensitivity. Variable land surface albedo is presently being
added and is a relatively simple model enhancement.

The most important class of feedbacks present in most recent AGCM'S but absent in our EBM
are cloud-radiation feedbacks. Clouds interact both with incoming solar and outgoing terrestrial
radiation in a number of complex feedbacks. The simplest view of the role of clouds in climate
sensitivity is one of competing feedbacks: increasing clouds increases the planetary albedo and
cools the atmosphere, while at the same time increasing absorption of terrestrial radiation, thus
warming the atmosphere. Early versions of cloud simulation did show an approximate cancella-
tion. (See Wetherald and Manabe (1980)). More recent cloud parameterizations yield cloud
feedbacks which tend to increase climate sensitivity overall. (See Wetherald and Manabe (1988)
and Le Treut et al (1994)). The enhancement comes about from a decrease in low cloud amount

for doubled pCO2 and an increase of high clouds at the tropopause. Both effects tend to warm
the atmosphere, since the optical thickness of the high clouds is so low, the increased albedo
effect is more than compensated for by the lowering of the effective temperature of terrestrial
radiation to space. LeTreut et al (1994) estimate relative contributions from the various climate
feedbacks including cloud feedbacks. In general, although different parameterizations alter the
relative importance of the feedbacks, clouds appear to operate as a net positive feedback in the
doubling of pCO2 simulations and may have a larger contribution than the albedo feedbacks.

Our model clearly was not designed to be a vehicle for studying the role of cloud parameteriza-
tion schemes on climate sensitivity. However, with the introduction of highly simplified but
explicit effects of changing atmospheric CO2 on the radiation calculations, the radiative physics
is now sufficiently sophisticated that parameterizations of cloud variability appear necessary, at
least if comparable sensitivities to the AGCM are to be achieved. Although this is a complicat-
ing issue for our coupled model, it is important and satisfying to see that such a simple model of
the atmosphere now has the capability to explicitly include feedbacks which have been found to
be important in AGCM simulations of climate sensitivity.

5. Applications of the Coupled Model Two important applications of the fully cou-
pled ocean-atmosphere-ice sheet model set forth above are to 1) simulate the last deglaciation
and to 2) simulate the doubled pCO 2 global warming scenario. To our knowledge this greatly
simplified multi-component model is the first (of any complexity) that includes all of the rudi-
ments of the physics and chemistry of the pCOz-ocean-circulation-ocean-chemistry feedbacks.

There is no aspiration to obtain definitive answers with the coupled model as to which feedbacks
play the most important roles in these two climate events, one which occurred in the past and the
other which may occur in the future. However, there certainly exists an exciting opportunity to
determine the sensitivity of the model climate system to the many (albeit highly parameterized)
multi-component feedbacks and to thereby gain a first cut understanding of which are most
important.

One must not loose sight of potential limitations imposed by the simplicity of the model system
relative to that of the prototype. The usefulness of the box model is at the heart of the exercise.
Historically the box model has proven to be of most value in isolating essential physics and
thereby aiding the understanding of the system being investigated. See for example, Stommel
(1961). More recently Rahmstorf (see for example, Rahmstorf (1995a)) has made an elegant use
of an ocean box model to explain - one could almost say, to confirm - the simulations of the sta-
bility of the thermohaline circulation with his global OGCM.
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Simulationsof Rahmstorf(1995b)andwork by others,raisea potentiallimitation to theapplica-
bility of the low resolutionbox model. He showsthat if thefreshwater flux is perturbedin the
Greenland-Iceland-Norwegian(GIN) Sea, it is possibleto shut down production of NADW
there,but to seeit start upatnearly thesameratein theLabradorSearegionfurthersouth. Since
thedeepwaterbeingproducedin thenewregionis warmerthanthatproducedin theGIN Sea,it
sinks to a shallower depth and,most importantly,the net flux of heat to the high latitudeN.
Atlantic isdramaticallyreduced,sincetheflux is proportionalto thedifferenceof temperatureof
thesurfaceinflow anddeepoutflow. In the largeboxescommonlyusedin anoceanboxmodel,
suchshift of sourceregionsis notdetectable.Becauseof theunrealisticnatureof thefreshwater
flux boundarycondition in the OGCM it remainsuncertainhow robustsucha shift mechanism
is.

On the other hand, there appears to be further evidence as to the validity of the box model
approach to be coming from recent work of Rahmstorf, as yet unpublished, concerning the mech-
anism of the 'global thermohaline circulation'; his results appear to confirm those reached by
Wang et a1.(1992) which came from using our original box ocean-atmosphere coupled model.
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